Environmental DNA (eDNA) analysis has recently been used as a new tool for estimating 34 intraspecific diversity. However, whether known haplotypes contained in a sample can be detected 35 correctly using eDNA-based methods has been examined only by an aquarium experiment. Here, we 36 tested whether the haplotypes of Ayu fish (Plecoglossus altivelis altivelis) detected in a capture 37 survey could also be detected from an eDNA sample derived from the field that contained various 38 haplotypes with low concentrations and foreign substances. A water sample and Ayu specimens 39 collected from a river on the same day were analysed by eDNA analysis and Sanger sequencing, 40 respectively. The 10 L water sample was divided into 20 filters for each of which 15 PCR 41 replications were performed. After high-throughput sequencing, denoising was performed using two 42 of the most widely used denoising packages, UNOISE3 and DADA2. Of the 42 haplotypes obtained 43 from the Sanger sequencing of 96 specimens, 38 (UNOISE3) and 41 (DADA2) haplotypes were 44 detected by eDNA analysis. When DADA2 was used, except for one haplotype, haplotypes owned 45 by at least two specimens were detected from all the filter replications. This study showed that the 46 eDNA analysis for evaluating intraspecific genetic diversity provides comparable results for large-47 scale capture-based conventional methods, suggesting that it could become a more efficient survey 48 method for investigating intraspecific genetic diversity in the field. 49 50 51 Key-words 52 Environmental DNA, intraspecific genetic diversity, mitochondrial haplotype, wild fish population, 53 Field water 54 55 56 57 61 Tsuji et al., 2019). Environmental DNA analysis enables us to detect the presence of species 62 efficiently and non-invasively by analysing eDNA contained in water samples instead of capturing or 63 observing the target species (Rees et al., 2014; Fukumoto et al., 2015; Thomsen et al., 2015; 64 Yamanaka & Minamoto 2016). Combined with high-throughput sequencing (HTS) technology, 65 3 eDNA metabarcoding is recently being used to provide information on species diversity by 66 massively determining DNA sequences in eDNA samples (e.g. Miya et al., 2015; Shaw et al., 2016; 67 Thomsen et al., 2016; Ushio et al., 2017; Yamamoto et al., 2017). More recently, researchers have 68 begun to apply eDNA analysis to estimate intraspecific genetic diversity in a population (Sigsgaard 69 et al., 2016, Parsons et al., 2018). 70 71 Nonetheless, two major issues remain to be solved before the practical application of eDNA-72 based methods for estimating intraspecific genetic diversity in wild populations: (1) the 73 overestimation of intraspecific genetic diversity due to numerous sequences derived from PCR 74 amplification and sequencing errors (cf. Schloss et al., 2011; Coissac et al., 2012; Edgar et al., 2016), 75 and (2) the lack of information on the usefulness (e.g. detection efficiency [Can we evaluate 76 intraspecific genetic diversity with less labour than capture-based methods?] and accuracy [Can we 77 detect haplotypes corresponding with captured specimens?]) under field conditions. It is difficult to 78 distinguish erroneous sequences from the original sequences because of their close similarity and 79 hidden true genetic diversity. Sigsgaard et al. (2016) focused on the detection of only known 80 haplotypes and tried to eliminate error sequences by clustering sequences into operational taxonomic 81 units (OTUs, OTU methods). However, this strategy will fail in using the potential of eDNA analysis 82 that allows for the detection of massive haplotypes including the unknown ones. Furthermore, in 83 previous studies (Sigsgaard et al., 2016, Parsons et al., 2018), water sampling for eDNA analysis and 84 tissue collection for Sanger sequencing were independently performed over a long period, and the 85 survey period was different between the two surveys. Thus, when water sampling was performed, it 86 is unclear whether there were individuals with haplotypes consistent with those detected by eDNA 87 analysis. 88 89 To address the first issue, Tsuji et al. (2019) proposed an analytical strategy that combined the 90 denoising of HTS data and subsequent haplotype selection on the basis of detection probability 91 among multiple replications. This study aimed to accurately detect all known haplotypes contained in 92 tank water. For the denoising of HTS data, two popular denoising software packages based on 93 different denoising strategies, UNOISE3 (Edgar et al., 2016) and Divisive Amplicon Denoising 94 Algorithm 2 (DADA2, Callahan et al., 2016), were used to examine the effect of the difference of 95 denoising strategy. To denoise HTS data, each denoising software package emphasises on the 96 sequence abundance and number of differences between sequences or the quality scores of the reads, 97 respectively. As a result, regardless of the denoising software package used, the proposed denoising 98 4 approach successfully eliminated > 99% of false-positive haplotypes derived from PCR and 99 sequencing errors. However, further field studies are still needed to make a robust conclusion on the 100 usefulness of the proposed analytical strategy for evaluating intraspecific genetic diversity because 101 only tank water was used in Tsuji et al. (2019). 102 103
Introduction 58
The field of environmental DNA (eDNA) analysis has rapidly developed over the past decade 59 and has become a useful approach for investigating the species distribution of aquatic Determination of sequence from captured specimens by Sanger sequencing 153 A total of 96 specimens of Ayu (11.43 ± 1.84 g wet weight, mean ± SD) were preserved using 154 ice immediately after capture. Approximately 0.02 g of the skeletal muscle tissue was excised from 155 each specimen in the laboratory, and DNA was extracted from the tissue using DNeasy Blood & by commercial Sanger-sequencing service (Takara Bio Inc. Kusatsu, Japan). Sequences of all 165 reference haplotypes are listed in Table S1 and deposited to the DNA database of Japan (Accession 166 number: LC433925-LC433966).
168
Water sampling and filtration for eDNA analysis 169 Ten-liters of surface water was collected using a pristine plastic tank. The water quality 170 parameters were measured using separately sampled water and water quality sensors (HI 98130;
171
HANNA Instruments, Woonsocket, RI, USA). The water qualities were as follows: pH 6.35, 172 temperature 17.4 °C, and electrical conductivity 0.05 mS/cm. Immediately after agitation of the 173 whole 10 L water sample, 500 mL of sub-sample was filtered on-site onto each of 20 glass fibre 174 filters (Whatman GF/F, 0.7-μm mesh, GE Healthcare, Chicago, USA). As a filtration negative 175 control, the 500 mL of ultrapure water was filtered on-site and treated in the same manner in the 176 following experiments as the real samples. The filter discs were immediately stored at −20 °C until 177 eDNA extraction. To avoid contamination, all sampling and filtering equipment were soaked in 10% 178 bleach solution for more than 10 min, carefully washed with tap water, and finally rinsed with 179 ultrapure water before use. Bio Basic Inc., Ontario, Canada), from which a silica-gel membrane was prospectively removed, and 185 excess water on the filter was removed by centrifugation. Then, the mixture, containing 200-µL 186 ultrapure water, 100-µL buffer AL, and 10-µL proteinase K, was added onto the filter and incubated 187 at 56ºC for 30 min. After centrifuged at 6000 × g for 1 min. regions between the two datasets. Thus, only 163 bp, which was successfully determined by both 241 methods, was used for the subsequent bioinformatics analyses.
242
To perform denoising of erroneous sequences using software packages, the fastq files 243 containing raw reads, which were obtained from 20 filters with 15 PCR replicates, were processed 1e-40) recovered the known haplotype composition of the sample better than did other values that we 259 examined. However, it was suggested that further examinations of the effect of these parameters 260 should be performed using field water samples. Thus, in this study, we preliminarily explored 261 optimal values for alpha in UNOISE3 and OMEGA_A in DADA2, respectively. We used default 262 9 values for OMEGA_C of DADA2 because we previously found that the result was mostly unaffected 263 by these changes. In UNOISE3, we found that an alpha = 3 exhibited better performance than did the 264 default value (alpha = 2) (see Discussion and Table S3 ). Conversely, in DADA2, we found that the 265 default value of OMEGA_A showed better performance than when other values were used (see Table   266 S2). Thus, in this study, UNOISE3 and DADA2 were performed with alpha = 3 and default settings 267 with the other parameters, respectively. For DADA2, fastq files containing raw reads were processed using the DADA2 package ver 1. Additionally, for reference haplotypes, the total sequence reads of each haplotype and the number of 312 owner specimens were compared using linear regressions. 
Results

316
Haplotypes detected by the conventional method 317 In the Sanger sequencing of tissue-derived DNA, a total of 42 reference haplotypes were 318 detected from 96 Ayu specimens. The number of detected reference haplotypes increased with the 319 number of analysed specimens, but the accumulation curve of detected reference haplotypes did not 320 reach a plateau even after all 96 specimens were analysed ( Fig. 2A) . The number of owner 321 specimens of each haplotype ranged from 1 (reference haplotype ID; 12-42) to 28 (reference 322 haplotype ID: 01) ( Fig. S1 ). Sample-based rarefaction and extrapolation sampling curves in a 323 conventional method suggested that haplotype diversity at the sampling site was about 250 types 324 (Fig. 2B) . 
330
After denoising using UNOISE3 with alpha = 3, a total of 11,187,431 reads remained and were 331 successfully assigned to 972 haplotypes. Of 42 reference haplotypes, 38 haplotypes were detected 332 using the 20 filters (Fig. S1A) . The multiple specimen-owned reference haplotypes were detected negative controls yielded 942 reads, which were assigned to 25 haplotypes. All the sequence reads 340 detected from negative controls were omitted in the subsequent analysis because of the negligible 341 read abundance (<0.008% total reads).
342
After denoising using DADA2, 14,370,583 reads remained, and those were successfully 343 assigned to 967 haplotypes. Of the 42 reference haplotypes, 41 haplotypes were detected from the 20 344 filters with 15 PCR replications (Fig. S1B) . The 11 multiple specimen owned reference haplotypes 345 were detected from all 20 filters except for one (reference haplotype ID 8, detected from one filter).
346
The 30 single specimen-owned reference haplotypes were detected from 4-20 filters (average 18.1 assigned to five haplotypes. All sequence reads detected from negative controls were omitted in the 352 following analysis because read abundance was negligible (<0.02% total reads).
353
Of the 42 reference haplotypes, 38 reference haplotypes were detected by both UNOISE3 and 354 DADA2, 3 types were detected by DADA2 only, and 1 reference haplotype was undetectable by 355 both methods. Each of the reference haplotypes showed a significant positive relationship in total 356 read abundance between the two denoising software packages (lm, p < 0.001, R 2 = 0.85, Estimate 357 0.34; Fig. 3A) . A total of 1,428 haplotypes did not correspond to any of the reference haplotypes, and 358 their total read abundance showed a significant positive relationship between the two denoising 359 software packages (lm, p < 0.001, R 2 = 0.10, Estimate 0.36; Fig. 3B ). The 430 haplotypes shared by 360 UNOISE3 and DADA2 also exhibited a significant positive relationship in total read abundance 361 between the two denoising software packages (lm, p < 0.001, R 2 = 0.85, Estimate 1.02; Fig. 3B ).
363
The haplotypes detected by DADA2 364 According to the GLMs, the detection probability of each haplotype among 20 filters or 15 365 PCR replications showed significant positive relationships with the number of owner specimens (p < 366 0.001, p < 0.001, respectively; Fig. 4 ). The increase in the number of detected reference haplotypes 367 was gentle in both accumulation curves which were estimated using two data set including 368 haplotypes obtained from 5 or 15 PCR replicates per filter (Fig. 5AB) . Besides, the 95% confidence 369 intervals of two accumulation curves overlapped considerably (Fig. 5AB ). There was a significant Interpretation of intraspecific diversity data obtained with eDNA and conventional method 385 In eDNA analysis, 972 (UNOISE3) and 967 (DADA2) haplotypes were detected from 20 filter 386 replications; however, this result should not be simply interpreted as eDNA analysis having greater 387 detection efficiency than the capture-based conventional method, which was expected to detect about 388 250 haplotypes (Fig. 2B ). In the previous study using tank water, some false positive haplotypes . Although it is highly likely that there was an underestimate because of the lack of 396 specimens, we estimated that at least an additional 1,900 specimens are needed to evaluate the whole 397 haplotype diversity at the sampling site ( Fig. 2B) . Therefore, it is likely that the results of the 398 conventional method in this study (n = 96) did not cover the whole intraspecific genetic diversity of 399 the Ayu population at the sampling site. Thus, eDNA analysis and the conventional method showed a 400 tendency to overestimate and underestimate intraspecific genetic diversity, respectively. The DADA2 successfully detected more reference haplotypes than did UNOISE3 (Fig. 3A, 404 Fig. S1 ), which suggests that the denoising of HTS data using DADA2 enables us to better estimate 405 the presented haplotype at the sampling site. This difference in detection accuracy between 406 UNOISE3 and DADA2 in this study is probably caused by the difference in the strategy of each 407 denoising software. The UNOISE3 algorithm emphasized more on the sequence read abundance to 408 denoise. eDNA of the rare haplotypes (i.e. where few individuals have the haplotypes) might exist at 409 a low concentration in the water sample and they are more difficult to amplify by PCR. Thus, the 410 numbers of sequence reads of the rare haplotypes were small and more likely to be eliminated.
411
Although the sensitivity to the small difference is improved by increasing the alpha value, we do not 412 recommend the major change of the alpha value because there is a trade-off between the sensitivity 413 and the risk of increment of false positive haplotypes (Edgar 2016) (Table S2) .
414
There was a significant positive relationship in the total reads of the detected unknown 415 haplotypes between UNOISE3 and DADA2. Also, when only shared haplotypes of two denoising 416 software packages were used, R 2 values drastically improved (Fig. 3AB ). When all of the reference 417 haplotypes detected by UNOISE were also detected by DADA2, the haplotypes detected by both of 418 these denoising software packages are more likely to represent haplotypes that are present in a water 419 sample than unknown haplotypes detected by either of the two methods. with the number of owner specimens (Fig. 4A, B) . Additionally, all but one reference haplotype 
454
To investigate the causes of the false-negative results in this study, all fastq files including raw 455 reads were reanalysed without denoising. The base-calling errors were eliminated on the basis of the 456 quality filtering, and the pre-processing and dereplicating of data was performed using a custom replications was varied from 33% to 100% (Fig. S1C ). This result showed that eDNA molecules of 460 15 all reference haplotypes would be included in all filter replications and amplified at least in some 461 PCR replications. Additionally, sample water quality was equal for all filter replications; thus, the 462 effect of PCR inhibition caused by water quality would be equal for all filter replications. 463 Furthermore, the low sequence read abundance that was caused by the failure of PCR amplification 464 was likely to cause erroneous denoising by DADA2 (cf. Callahan et al., 2016) . Therefore, in this 465 study, the false negative result and the low detection probability on some reference haplotypes were 466 considered to have been caused by the failure in PCR amplification and denoising of scarce eDNA.
467
In the reanalysis without denoising, much more haplotypes than the reference haplotypes (a 468 total of 44,687) were detected from the 20 filter replications. Considering that 934 (UNOISE3) and 469 926 (DADA2) haplotypes other than reference haplotypes were detected when denoising was 470 performed, it implies that the denoising software eliminated 97.90% and 97.93% of haplotypes, that 471 have a high probability of false-positive results. Therefore, although there was some or one false 472 negative haplotype, the denoising using UNOISE3 and DADA2 was considered indispensable for 473 evaluating intraspecific genetic diversity by eDNA analysis.
475
Future research suggestions 476 We found that the number of analysed filters and the number of PCR replications per filter 477 have little effect on the number of detected reference haplotypes (Fig. 5AB ). This finding suggests 478 that many filters and PCR replications are not required in estimating intraspecific genetic diversity 479 when using eDNA analysis. For example, when three filters that have five PCR replications are 480 analysed, the detection efficiency of haplotypes will be equivalent to the situation where we analyse 481 about 70 to 90 specimens by the capture-based conventional method ( Fig. 2A, 5B ). Although some 482 false-negatives might occur in the eDNA-based method, those tend to be the rare haplotypes in the 483 population. It is considered that the risk of false negatives in the eDNA-based method is lower than 484 that in capture-based methods because 70 or more specimens are not generally analysed at one 485 sampling site in capture-based methods. Therefore, we recommend the use of the eDNA-based 486 method as an alternative or screening method for capture-based methods in large-scale surveys (e.g. 487 in a wide area and/or in many sampling points) of intraspecific genetic diversity. An eDNA-based 488 method would efficiently provide valuable information for estimating and evaluating intraspecific 489 genetic diversity in a population. 490 We found a significant positive relationship between the total reads of each haplotype and the intraspecific genetic diversity by the eDNA-based method may be suppressed.
503
The eDNA-based evaluation of intraspecific genetic diversity will be used more widely for 504 the survey of intraspecific genetic diversity, population genetics and phylogeography if the technique 505 becomes more developed and refined in the future. This study showed that the eDNA-based method 506 detected various haplotypes comparable with those observed in large-scale capture surveys, and can 507 evaluate intraspecific genetic diversity in a wild fish population from the field sample. 
